Abstract -A highly permeable composite hollow-fibre membrane developed for air separation was used in a membrane aerated biofilm reactor (MABR). The composite membrane consisted of a porous support layer covered with a thin dense film, which was responsible for oxygen enrichment of the permeate stream. Besides oxygen enrichment capability, dense membranes overcome major operational problems that occur when using porous membranes for oxygen transfer to biofilms. Air flow rate and oxygen partial pressure inside the fibres were the variables used to adjust the oxygen transfer rate. The membrane aerated biofilm reactor was operated with hydraulic retention times (HRT) ranging from 1 to 4 hours. High organic load removal rates, like 6.5 kg.m . High COD removals, with improved oxygen transfer efficiency, indicate that a MABR is a compact alternative to the conventional activated sludge process and that the selected membrane is suitable for further applications.
INTRODUCTION
The growing demand for wastewater treatment encourages the development of alternative processes. Some of the main characteristics required of these alternative processes are a small footprint, ease of operation, low sludge generation and improved efficiency. Among the current technologies, the Membrane Bioreactor (MBR) and the Moving Bed Biofilm Reactor (MBBR) are alternatives that combine some of these required characteristics. MBR consists of suspended growth biological treatment coupled with solids separation by membranes, whereas the MBBR consists of active biofilms attached to high specific area media.
Membrane Aerated Biofilm Reactor (MABR) research has been an ongoing process, where biofilms are attached to gas permeable membranes. The oxygen is transferred to the biofilm responsible for organic matter degradation through the membrane without bubbling, which increases efficiency and makes MABR particularly suitable for treating high oxygen demanding wastewaters. In MABRs the oxygen supply can be adequately controlled, contributing to reduce costs, since aeration or oxygen transfer and sludge disposal are considered to be the major costs involved in the operation of wastewater treatment plants (Yoon et al., 2004) .
MABRs have been investigated for nitrification (Shanahan and Semmens, 2006; Terada et al., 2006) , simultaneous nitrification and denitrification (Satoh et al., 2004; Downing and Nerenbeg, 2008a) , non-conventional nitrogen removal processes (Gong et al., 2007) , biodegradation of volatile pollutants (Tinggang et al., 2008) , wastewater purification for long-term space missions (Chen et al., 2008) , biodegradation of fluorinated xenobiotics (Misiak et al, 2011) and nutrient recovery from urine (Udert and Wächter, 2012 ). Such studies demonstrate the potential and the versatility of MABR technology for environmental applications.
Most published works have investigated the utilization of microporous hollow-fibre modules in membrane aerated biofilm reactors operating with pure oxygen being transferred through the pores of hydrophobic membranes (Brindle et al., 1997; Pankhania et al., 1999; Semmens at al., 2003) . Dense membranes overcome the operating problems that occur when using porous membranes, such as low bubble point and oxygen transfer interruption due to wetted pores (Ahmed et al., 2004) . Despite these advantages, dense membranes might present high resistance to oxygen transfer. Composite membranes may constitute an interesting alternative, since they can assure high oxygen transfer rates without the drawbacks of porous membranes; however, few works were published reporting the use of this type of membrane (Syron and Casey, 2008; Nerenberg, 2008a, 2008b) . To our knowledge, no previous works combined the study of the gas transfer of this type of membrane (composite, dense, asymmetric and highly permeable to oxygen) with the biological degradation performance of a membrane aerated biofilm reactor, operated for long periods of time.
The aim of this study was to investigate the oxygen transfer through a particularly highly permeable hollow-fiber composite membrane, commercialized for air separation, as a component of a membrane aerated biofilm reactor. Oxygen enrichment of air and oxygen dissolution capacities of the module assembled for this study were evaluated prior to the 160-d period of MABR operation.
MATERIALS AND METHODS

Membrane Modules
Innovative Membrane Systems (Norwood, MA, USA) supplied the fibers used for nitrogen production in gas permeators, which were employed in the present work. The thin Teflon surface layer and the polyethersulphone porous support observed in a JEOL JSM 5300 Scanning Electronic Microscope are shown in Figure 1 The MABR modules, whose characteristics are shown in Figure 1 (c) and given in Table 1 , were constructed from a transparent acrylic glass tube and commercial PVC Tees as shell side ports. The fibers were potted in a PVC male threaded adapter with epoxy resin.
The oxygen transfer through the membrane was investigated by operating the two modules as gas permeators and as gas/liquid contactor, prior to the operation of the bigger module as a bioreactor.
The ideal oxygen/nitrogen separation factor was determined in order to check the dense layer integrity. Pure oxygen and nitrogen permeabilities were assessed by plugging the inlet shell side and the outlet fiber side ports of the modules. The fibers were pressurized with pure gases and the permeated flowrate was measured through the shell side outlet port. 
Gas Permeator and Gas Contactor
In a gas permeator, oxygen transfer through the membrane can be written as:
where K G is the overall mass transfer coefficient and P O2,F and P O2,P are the average oxygen partial pressures inside the fibers and in the permeate, respectively. The difference between the feed and the permeate partial pressure is the driving force for mass transfer. The overall gas mass transfer coefficient can be estimated by a linear regression analysis of the experimental data. The overall mass transfer resistance, which is the sum of membrane resistance and gas boundary layer resistance, is the reciprocal of the overall mass transfer coefficient. The membrane is the main resistance to mass transfer in a gas permeator. In order to estimate the gas boundary layer resistance, oxygen flux was evaluated by varying the pressure and gas velocity inside the fibres. Measuring feed and concentrate flow rate, the total pressure and oxygen concentration allowed calculation of the permeate flow rate and composition through material balance.
In a gas-liquid contactor, oxygen transfer from the gas phase to the liquid phase through the membrane can be written as a function of the overall liquid mass transfer coefficient, K L , as follows:
where C O2,L is the dissolved oxygen concentration in the liquid; H is the Henry's Law constant and k G , k M and k L are the individual mass transfer coefficients in the gas boundary layer, in the membrane dense layer and in the liquid boundary layer, respectively. The liquid boundary layer is supposed to be the main resistance to mass transfer in gas-liquid contactors.
Measuring the dissolved oxygen concentration increase in a well-mixed reservoir, with water pumped to the module in a closed loop, allowed determination of the overall liquid mass transfer coefficient and the oxygen transfer rate (OTR) at different oxygen partial pressures inside the fibres and water velocities on the shell side, as suggested by Ahmed and Semmens (1992) . Oxygen partial pressure in the feed varied from 0.26 to 1.06 bar. Water flow velocity on the module shell side varied from 0.008 to 0.1 m.s -1
, corresponding to Reynolds numbers ranging from 120 to 850. The oxygen transfer rate to water, per membrane area (OTR/A), was the parameter used to evaluate and compare the oxygen dissolution capacity with the oxygen flux through the membrane. The average oxygen partial pressure inside the fibers and OTR/A were used to estimate the overall gas mass transfer coefficient by linear regression analysis of the experimental data, using Equation (4).
MABR Operation
The experimental set-up, shown in Figure (Milton Roy A751-393 SI); sensors to measure both liquid and gas flowrate (FI), pressure (PI) and temperature (TI); control valves (CV) to set the air and pure oxygen inlet pressure and flowrate; an oxygen analyzer (Servomex 1175, AE-101) to measure oxygen concentration in the gas outlet and in the liquid recycle loop. The oxygen flux through the membrane was assessed by mass balance (inlet and outlet fibers). The oxygen flux and average partial pressure inside the fibers were used to estimate the overall gas mass transfer coefficient according to Equation (4).
Biofilm structure and, consequently, resistance to mass transfer are closely related to the hydrodynamic shear stress (Celmer et al., 2008) . In low shear stress conditions, biofilms are less compact and more porous, presenting higher substrate diffusion. The recycle pump average flow rate was 8 L.h -1 , which corresponds to an average velocity of 0.002 m.s -1 on the module shell side. Variation of the HRT in the range investigated was achieved by adjusting the feed pump flow rate.
The air flow rate and oxygen partial pressure inside the fibers were controlled to assure the required amount of oxygen for process operation. The oxygen partial pressure was increased by increasing the total pressure or the oxygen mole fraction with pure oxygen.
Bioreactor operation started after inoculating the module with mixed liquor suspended solids from a sanitary wastewater activated sludge treatment plant.
Biofilm grew attached to the membrane surface after feeding the reactor with a synthetic sanitary wastewater, whose composition, based on the literature (Holler and Trosh, 2001) , was (g.L -1 ): meat extract (16), peptone (11), urea (3), K 2 HPO 4 (2.8), NaCl (0.7), CaCl 2 .2H 2 O (0.4), MgSO 4 .7H 2 O (0.2). These components were diluted with tap water to produce wastewaters with COD contents between 400 and 600 mg.L -1 . The conditions imposed on the biological reactor are indicated in Table 2 . The MABR was operated under three hydraulic retention time regimes ranging between 4 and 1 h (conditions I to III). Organic load (OL) was intentionally increased to check the limits of bioreactor efficiency. The oxygen transfer flux (J O2 ) was increased accordingly by raising the total air pressure inside the fibers. After several days of operation under the highest organic load (condition III), J O2 was further increased (condition IV) by augmenting the oxygen partial pressure inside the fibers. The three biological operation conditions were repeated employing higher oxygen partial pressure inside the fibers (conditions V to VII) to guarantee that oxygen transfer was not limiting the biological process.
Analytical
Chemical oxygen demand (COD), total suspended solids (TSS) and turbidity were determined according to standard procedures (APHA, 2005) . 
RESULTS AND DISCUSSION
Membrane Characterization
As shown in Figure 1 the membrane structure consisted of a porous support and a dense surface layer. The thin surface layer was related to the high permeability while the surface roughness was a positive factor for biofilm attachment.
The results of pure gas permeability are shown in Figure 3 and Table 3 . As expected, a linear relationship was observed between gas flux (J O2 or J N2 ) and transmembrane pressure (Δp). The membrane selected presented a high oxygen permeability, approximately 5 x 10 5 times higher than the permeability of the composite membrane evaluated by Ahmed et al. (2004) and 16 times higher than the permeability reported by Motlagh et al. (2008) . The ideal separation factor of 2.6, informed by the supplier, was experimentally confirmed.
Oxygen Transfer
Comparison of oxygen transfer results was based on the values of the overall gas mass transfer coefficient. During operation as a gas-liquid contactor, since oxygen and nitrogen permeabilities in the membrane were high and their solubility in water were low, even at low pressures, bubbles were observed on the external membrane surface.
Plotting oxygen flux (J O2 ) as a function of differential pressure (ΔP), for the system operating as gas permeator, gas/liquid contactor and bioreactor (MABR), the global mass transfer coefficient was estimated by the slope of the line fitted to the experimental data, as shown in Figure 4 . The total mass transfer resistance, which is the sum of membrane resistance with boundary layer resistance inside and outside the fiber, was estimated as the reciprocal of the global mass transfer coefficient. for the system operating as a gas permeator (rhombus) and a MABR (triangles) and the oxygen transfer rate to clean water per membrane area versus ΔP for the system operating as a gas-liquid contactor (squares).
The evaluation of oxygen transfer to clean water was performed under laminar conditions of air flow inside the fibers and of water flow on the shell side of the module. In comparison with the gas permeator operational condition (Figure 4) , the addition of a liquid boundary layer, with water flowing outside the fibres, the global mass transfer coefficient decreased around 200 times. In the operation of the module as a gas/liquid contactor, the membrane resistance represented 0.5% of the total resistance. Figure 5 shows the liquid mass transfer coefficient variation as a function of the Reynolds number on the shell side of the module for the oxygen partial pressure of 0.26 bar inside the fibres. The increase of the mass transfer coefficient with gas velocity (vG) inside the fibres and liquid velocity on the shell side confirmed the relevance of gas and liquid boundary layers to mass transfer.
When biomass was attached to the membrane (biofilm), the oxygen flux was 10 fold higher in comparison to that observed in the operational condition without biomass. In the operation of the module as a MABR, membrane resistance represented only 5.5% of the total resistance. After biofilm growth it was possible to increase the internal air pressure without bubbling. Dissolved oxygen concentration values close to zero, when measured by the DO probe installed in the liquid loop, indicated that all the oxygen transferred through the membrane was consumed by the biofilm. Average results and 95% confidence intervals related to oxygen transfer in the MABR are presented in Table 4 . P O2, F and y O2, F are the average oxygen partial pressure and the average oxygen mole fraction inside the fibers; y O2, P is the average oxygen mole fraction at the membrane/biofilm interface. The increase in the separation factor α, shown in Table 4 , was attributed to the oxygen flux increase due to its consumption and to the nitrogen flux decrease because nitrogen is not consumed. It should be remarked that, when air is used instead of pure oxygen, there is a slight presence of small bubbles on the external membrane surface, probably formed by N 2 accumulation. Higher y O2, F and higher gas velocity inside the fibers resulted in higher y O2, P (conditions VI and VII) and lower recovery (Y), which was considerably higher than the typical oxygen dissolution efficiency achieved by porous diffusers in aerobic treatment processes (WEF, 1994) . Figure 6 shows the module characteristics in the course of operation. The first picture shows bubbles growing on the membrane surface during the assessment of the capacity of oxygen dissolution in water. The second and the third photos show the biofilms formed after 7 and 15 days of operation. In the last picture, the membrane is not visible any more because of excessive biofilm growth after 60 days of operation. Despite the pronounced accumulation of biomass on the membranes, MABR performance, expressed as COD removal, was not hindered after 160 days of continuous operation, as further discussed.
COD Removal
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In conditions I to III, air was used as the oxygen source. In an attempt to maintain the organic load removal efficiency, the average total pressure inside the fibres and the oxygen mole fraction inside the fibres were changed during the MABR operation according to the data shown in Table 4 .
Operation of the MABR with a HRT around 4 hours was quite stable (first 16 days, condition I). The average total COD removal was 91%. The total suspended solids concentration was always below 30 mg/L indicating that a final clarification was not needed. During the operation with a HRT close to 2 hours (condition II), the average organic load removal rate was 4.2 kgCOD.m , the average efficiency was 83% and the total suspended solids concentration averaged 18 mg/L. Following the decrease of the HRT to 1 hour, the influent organic load almost doubled as the influent COD concentration was maintained around 400 mg/L. The average OL removal efficiency dropped to 56%. The average effluent COD and TSS concentrations increased to 182 mg/L and to 47 mg/L, respectively. Deterioration of effluent quality suggested that oxygen transfer limitation was occurring. Thus, air was enriched with pure oxygen, increasing the average feed oxygen mole fraction from 0.20 to 0.32. Although the oxygen flux was doubled, from around 10 to around 20 L.m -2 .h -1 (Table 4) , no improvement in effluent quality was observed. Bubbles were observed, likely due to the increase of nitrogen transfer through the membrane.
At that time (end of condition IV), it was not possible to inspect the fibres because of excessive solids accumulation inside the bioreactor. Unexpectedly, the thick biofilm sloughed from the membrane surface on day 81. Because the removal efficiency did not change, the sloughed biofilm probably was not taking part in the organic load degradation.
The biological operating conditions I to III were repeated with higher OTR. Condition V corresponded to a HRT of approximately 4 hours and an average OTR of 67 kg.m , which was 2.7 times higher than the average OTR established for condition I. The COD removal efficiency was recovered in such conditions, achieving 92%. During condition VI, the HRT was fixed at 2 h but the OTR was three times higher than that established for condition II. The OTR increase promoted by a higher oxygen partial pressure inside the fibres in conditions V and VI did not affect either the effluent quality or the COD removal efficiency, suggesting that oxygen transfer was not limiting the biological activity.
Between days 145 and 160, corresponding to condition VII, the HRT was again lowered to 1 hour, leading to an increase in the average influent organic load to 9.2 kg.m . Oxygen flux was the same as previously established for condition IV but with a higher oxygen concentration in the membrane/ biofilm interface. The improvement of the COD removal efficiency, from 56% in condition III and IV to 74% in condition VII, indicates that the biological process was limited by oxygen diffusion in the biofilm. Filtering the effluent, the COD removal efficiencies became 68 ± 7%, for condition IV, and 88 ± 2%, for condition VII.
CONCLUSIONS
The results provide evidence that the highly permeable membrane selected was able to enrich the air with oxygen that was transferred to the biofilm. Furthermore, membrane resistance was not significant in comparison to the liquid boundary layer and biofilm resistances to oxygen transfer. Oxygen transfer through the membrane covered with biofilm was enhanced 10-fold in comparison with the biofilmfree membrane.
Robustness of the MABR was confirmed during a long-term operational period under variable loading conditions. The considerably high values of organic load removal with hydraulic retention times in the range of 1 to 4 h, with improved oxygen transfer efficiency, confirmed that the MABR is a promising and compact alternative to the conventional activated sludge process and that the selected membrane is suitable for future process development.
